In this work, we report on Monte Carlo simulations of InP and GaN vertical Gunn diodes to optimize their oscillation frequency and DC to AC conversion efficiency. We show that equivalent operating conditions are achieved by the direct application of a sinusoidal AC voltage superimposed to the DC bias and by the simulation of the intrinsic device coupled with the consistent solution of a parallel RLC resonant circuit connected in series. InP diodes with active region about 1 lm offer a conversion efficiency up to 5.5% for frequencies around 225 GHz. By virtue of the larger saturation velocity, for a given diode length, oscillation frequencies in GaN diodes are higher than for InP structures. Current oscillations at frequencies as high as 675 GHz, with 0.1% efficiency, are predicted at the sixth generation band in a 0.9 lm-long GaN diode, corroborating the suitability of GaN to operate near the THz band. At the first generation band, structures with notch, in general, provide lower oscillation frequencies and efficiencies in comparison with the same structures without notch. However, a higher number of generation bands are originated in notched diodes, thus, typically reaching larger frequencies. Self-heating effects reduce the performance, but in GaN diodes the efficiency is not significantly degraded. V C 2013 AIP Publishing LLC. [http://dx.
I. INTRODUCTION
The electromagnetic waves within the frequency range of 100 GHz-10 THz, which are situated between the microwaves and the infrared light in the electromagnetic spectrum, 1 are typically called Terahertz (THz) waves. This band is attracting a big interest in the scientific community over the last years due to its multiple potential applications, and nowadays it exists a huge activity with the main objective of obtaining sources, amplifiers, and detectors at those submillimeter frequencies. The generation in the THz range is not an easy task, and two approaches are possible, one coming from the electronics field and the other from optics. 2 Since the discovery of Gunn effect in the 1960s, [3] [4] [5] GaAs and InP Gunn diodes are classically used to generate signals up to a few hundreds of GHz ($200 GHz (Refs. [6] [7] [8] ), but the intrinsic characteristics of these materials make it impossible to reach the THz range. One of the limitations of these materials comes from their saturation velocity (v s ¼ 0:91 Â 10 7 cm/s for GaAs and v s ¼ 1:16 Â 10 7 cm/s for InP), which is not very high, this parameter being crucial to reach oscillation frequencies close to the THz range. In addition, these materials have a low threshold and breakdown electrics fields, 9 so that the application of high bias is not possible and thus the delivered power level is small. The solution may come by means of the use of GaN with higher threshold field and saturation velocity. Technological efforts to fabricate GaN diodes that able to support the high bias voltage required to operate under negative differential resistance conditions will be necessary to successfully achieve high power oscillations in the range of 200-400 GHz according to the predictions of various works. 10, 11 Indeed, experimental evidence of oscillations has not been achieved so far in GaN vertical diodes, mostly because of the proximity of the metal contacts and the very high applied voltages required for operation beyond the threshold field, which typically cause the diodes to burn out before oscillating. 12, 13 As alternative to InP and GaN vertical diodes, planar structures such as InGaAs/InAlAs, 14 GaAs/AlGaAs [15] [16] [17] and InGaAs/ AlGaAs planar diodes, 18 and GaN/AlGaN self-switchingdiodes (SSDs) 19 are currently being investigated.
Even though there are several works where vertical structures have been analyzed, 20 there is not a systematic study where the performances of vertical diodes with different materials, lengths, bias conditions, and doping levels are compared. The main objective of this work is to make a detailed study using a home-made Monte Carlo (MC) simulator. 21 The performance of InP and GaN diodes for different bias conditions, with and without notch, with lengths of the active region between 750 nm and 1500 nm, and two doping schemes will be studied in terms of their oscillation frequencies and DC to AC conversion efficiency. In a real environment, these vertical structures must operate embedded in a resonant circuit, typically a parallel RLC circuit connected in series with the diode. 22 In this paper, we also demonstrate that the study of the diodes under a simple single-tone excitation is equivalent, in some cases, when appropriate circuit parameters can be found, to a self-consistent coupling of the MC code for the intrinsic device with the solution of the equations for the external resonant RLC circuit.
The paper is organized as follows. In Sec. II, the details of the device structure, semiconductor materials, and physical model used in the numerical simulations are described. In Sec. III, first, the equivalence between a RLC circuit and a single-tone excitation is shown. Then, we present the results of the MC simulations of diodes with several lengths and 0021-8979/2013/114(7)/074503/9/$30.00 V C 2013 AIP Publishing LLC 114, 074503-1 two doping schemes, with and without notch, and discuss the dependence on the bias conditions. Finally, Sec. IV summarizes the main conclusions.
II. DEVICE STRUCTURE AND PHYSICAL MODEL FOR THE SIMULATION

A. Device structure
A schematic representation of the studied devices is shown in Fig. 1 . In this work, we focus on the analysis of two types of diodes, with (n þ n À nn þ ) and without (n þ nn þ ) notch. Note that for the diode with notch the active region (L) is composed of a doped region (n) and an initial lightly doped notch (n À ). In both cases, the active region is sandwiched between two heavily doped ohmic contact n þ regions, whose lengths are 100 nm and 300 nm, respectively. The considered asymmetry is due to the fact that while the cathode is always at equilibrium, for high applied bias the hot electrons in the upper valleys reaching the anode require enough length to thermalize. Systematic simulations with the MC tool for different lengths of the active region, doping levels, and two materials (InP and GaN) will be presented. The doping of the n þ regions is always n þ ¼ 2 Â 10 18 cm À3 . We have simulated four different lengths, L ¼ 1500, 1200, 900, and 750 nm. In the case of the structures with notch, the length of the notch (always 250 nm) is included in L. Regarding the doping levels, we have considered two doping schemes denoted as DS1 and DS2. For DS1, we use n ¼ 1 Â 10 17 cm À3 and n À ¼ 2 Â 10 16 cm À3 while for DS2 n ¼ 5 Â 10 17 cm À3 and n À ¼ 1 Â 10 17 cm À3 . It is to be noted that a ratio of n/n À ¼ 5 is kept.
B. Material properties and physical model for the simulations
For the intrinsic study of the devices under analysis, a semi-classical ensemble MC simulator self-consistently coupled with a 2D Poisson solver, 21 successfully tested is several devices, is employed. 23, 24 The conduction band of InP and GaN is modeled by three non-parabolic spherical valleys. InP and GaN are direct band-gap semiconductors, and furthermore, GaN is a wideband semiconductor. Under normal conditions, InP crystallizes in the Zinc-Blende structure and in our model U, L, and X valleys are considered. 25 GaN can crystallize in three types of structures (Wurzite, Zinc-Blende, and Rocksalt). 26 In this work, a Wurzite crystal structure will be consider, modeled by U 1 , U, and C 3 valleys where the lowest satellite valley sitting in the so-called U point is 2.2 eV above the conduction band minimum at U 1 . 25 All mayor scattering mechanisms, such as intervalley phonons, acoustic, polar modes (optical and non-optical), and ionized impurities, are considered for InP based diodes. In addition, for GaN structures, the piezoelectric scattering is also taken into account. The most relevant properties at room temperature for the two semiconductors materials are summarized in Table I . 25 As the saturation velocity is higher in GaN, GaN diodes are expected to operate at higher frequencies. Additionally, this material has a larger GAP and separation between the satellite and central valleys in the conduction band, thus, exhibiting higher threshold and breakdown electric fields and allowing applying higher bias before the breakdown, which is the main advantage of using GaN in order to achieve higher AC power emission.
In order to analyze the diodes' capability as emitters, the dissipated DC power, P DC , and the time-average AC power, P AC , are evaluated, and the conversion efficiency, g, is calculated as the ratio between P AC , and P DC , with a minus sign
In this context, negative values of g indicate a resistive behavior of the diode, while positive values mean AC generation from DC. A common technique to determine g is the direct application of a signal V d ðtÞ between the diode terminals consisting in a single-tone sinusoidal potential of amplitude V AC superimposed to the DC bias V DC , 19
FIG. 1. Geometry of the studied structures with physical dimensions. (a) Diode with a 250 nm-length notch placed next to the cathode and (b) diode without notch. The lengths of n þ contact regions are 100 nm and 300 nm at the cathode and anode, respectively, in both structures. n þ ¼ 2 Â 10 18 cm À3 , DS1: n ¼ 1 Â 10 17 cm À3 and n À ¼ 2 Â 10 16 cm À3 and DS2: n ¼ 5 Â 10 17 cm À3 and n À ¼ 1 Â 10 17 cm À3 . Four different lengths, L ¼ 1500, 1200, 900, and 750 nm have been simulated. We will compare the value of the signal applied between the diode terminals V d ðtÞ calculated from Eq. (2) with the one obtained when only the DC bias is applied but the diode is connected in series with a parallel RLC resonant circuit [see Fig.  2 ]. The equations of such circuit can be written as follows: 22
where V d and V C are the voltage drops at the terminals of the diode and the RLC circuit, respectively. We need to solve the Poisson's equation together with the external circuit equations. The total current density flowing through the diode is
with j L as the current density flowing through the inductance L,
According to the generalized Ramo-Shockley Theorem, 27 the current flowing through the diode has two contributions
where j v is the current caused by the motion of the charged particles, and the second term is the displacement current due to the time-varying potentials at the electrodes, with C d ¼ e 0 e r =l the diode geometrical capacitance (with e 0 as the permittivity of free space, e r as the static relative dielectric constant, and l as the total diode length). By means of a finite differences technique and considering a time-independent source signal, one obtains
V d ðtÞ is updated at each time step (Dt) by using this expression before solving the Poisson's equation in the device. 22, 28 In Sec. III, we demonstrate that in some cases the excitation obtained from Eq. (7) is equivalent, by a proper selection of the R, L, and C parameters, to the operation of the diode under a single tone excitation like that of Eq. (2). Around 300 000 iterations with a time-step of 1 fs are considered in our simulations. The number of electrons simulated is in the range of 25 000-50 000 and all the results presented in this article are at room temperature.
III. RESULTS AND DISCUSSION
A. Equivalence of RLC circuit and single-tone excitation
In Figure 3 , the direct equivalence between the parallel RLC circuit and the single-tone excitation is shown. Here, an InP diode without notch (n þ nn þ ), with DS1 and L ¼ 900 nm is considered. In Fig. 3 (a), we plot the results for a simulation using V DC ¼ 7.5 V and R ¼ 3 Â 10 À9 Xm 2 , L ¼ 4.7 Â 10 À23 Hm 2 , and C ¼ 0.0081 F/m 2 , leading to a quality factor Q $ 40. In Fig. 3(b) , a single-tone scheme of 243 GHz and V AC ¼ 1.9 V, with V DC ¼ 7.5 V, is used. As clearly observed, both operating conditions are equivalent as long as the values considered for R, L, and C in the resonant circuit lead to a quasi-sinusoidal signal of the same amplitude as that of the single-tone excitation [ Fig. 3(b) ]. A phase shift slightly bigger than p/2 between the current density and the applied voltage appears which means that the diode exhibits a positive efficiency g in such conditions. In the case of the use of the resonant RLC circuit, the mean current density is I m ¼ 39 Â 10 8 A/m 2 and g ¼ 1.9%, while applying the single-tone we obtain, I m ¼ 38.2 Â 10 8 A/m 2 and g ¼ 2.0%. Consequently, and for this particular case, both methods are essentially equivalent. In the subsequent analysis, in order to be systematic, and at the expense of providing results that in some cases could correspond to non-realistic conditions, we will make use of the single-tone excitation [Eq. (2)] because it is less time-consuming than the resonant-circuit simulation.
Indeed, in the above case, the Q factor of the parallel RLC resonant circuit is big enough to filter the rest of possible harmonics and thus provide a pure sinusoidal excitation. However, in other cases, it was not possible to replicate a pure sinusoidal excitation by using the simple parallel RLC circuit considered here. It would require including a further band-pass filter, but circuit design goes beyond the objective of this paper.
Thus, the results obtained under the single-tone excitation illustrate the intrinsic potentiality of the diodes to generate signals at different frequency bands, but are obtained under optimum conditions, in some cases, not straightforwardly affordable experimentally.
B. Results for DS1
Static IV curves
As a first step, the dependence of the current density on the bias for diodes, with and without notch, with different lengths of the active region and both for InP and GaN is shown in Fig. 4 . The saturation of the current takes place with the onset of intervalley transfer mechanisms. The shorter the device, the higher the internal electric field for a given bias, and thus, the smaller the bias required for saturation. In the longest InP-based diodes without notch (1500 nm and 1200 nm), it is noteworthy the presence of an abrupt decrease in the average current density for bias voltages of around 5 V. The origin of this change is attributed to a variation in the oscillation regime from accumulation-layer mode to transit-time dipole-layer mode. 29 It is to be noted that for GaN the applied bias is higher than for InP because intervalley transfer and negative differential mobility in GaN appears at much higher electric fields. Finally, while in InP based diodes, the notch is limiting the current density, which in saturation is essentially the same for all the lengths, such is not the case in GaN. This is an indication that this notch in the GaN diodes is not being effective and presumably it will not fix the position of the domain onset. This will be studied in detail in Secs. III B 2, III B 3, and III C.
DC to AC conversion efficiency, effect of the notch in InP
In order to analyze the performance of the diodes operating as emitters, the DC to AC conversion efficiency, g, has been evaluated by means of the superposition of a singletone sinusoidal potential of amplitude V AC to a DC bias V DC . The dependence of g on the frequency f of the AC excitation for an InP-based diode with L ¼ 900 nm (DS1) and with V DC ¼ 12.0 V and V AC ¼ 1.5 V is shown in Fig. 5 . Higher frequencies are achieved in the diode without notch in comparison with the diode with notch for the first generation band. This is basically because the notch fixes the onset of the charge accumulation domain in the cathode region while in the diode without notch it takes place well inside the active region.
In the case of the diode with notch, three bands with g > 0, indicating generation of AC power, are observed. The frequency at which the maximum efficiency is achieved (frequency of maximum efficiency, FME) for the first generation band is FME 1 ¼ 137 GHz with efficiency of 0.92%, for the second generation band is FME 2 ¼ 238 GHz with still a competitive efficiency of g ¼ 0.28% and the third one at FME 3 ¼ 369 GHz with efficiency of 0.03%. The bands potentially suitable for oscillations match with the range of frequencies where the real part of the impedance is negative [Re(Z) < 0], as can be observed in the inset of Fig. 5 . 30 The exact values for the diode with notch are 71-156 GHz, 206-275 GHz, and 357-390 GHz, where we have identified the presence of one, two or three charge accumulation domains inside the diode's active region. For the diode without notch, we identify only two ranges where Re(Z) < 0 to be 104-237 GHz and 335-364 GHz. A value of 1.84% for the efficiency is achieved for the first generation band at 206 GHz. It is remarkable that in all cases, as was found in Refs. 7 and 8, the top limit (zero crossing) of the first negative band of the real part of the impedance approaches the self-oscillation frequency of the diode (without AC bias component).
Once we have explored the effect of the notch for InP, in this section, we perform a systematic study of the frequency of the oscillations and the conversion efficiency, g. We analyze and compare their dependence on the length and the DC bias for both semiconductors, InP and GaN, using DS1. Fig. 6 shows the values of FMEs in the different generation bands as a function of the diode length (studying until the third generation band, if it exists). The size of the bubbles scales with the DC to AC conversion efficiency, g, at such FMEs, whose value is also indicated. In the case of InP, for V DC ¼ 12.0 V and V AC ¼ 1.5 V, the FMEs lie in the range of 70-400 GHz [ Fig. 6(a) ]. As explained before, the absence of notch provides better performance in terms of the values of g and FME for the first generation band. In all cases, the shorter the active region the higher the FME, but the efficiency is nearly constant. It is remarkable that in diodes without notch for L ¼ 900 nm and 1500 nm the value of g at the first generation band is similar (1.84%), but the FME of the oscillations is 68.75 GHz higher for the shorter one.
For GaN, Fig. 6 (b), we use V DC ¼ 70 V and V AC ¼ 10 V, and we obtain FMEs between 100 and 600 GHz. In this case, in contrast with InP, there is no significant difference between the results in presence and absence of notch. This indicates that the notch is not being effective at fixing the nucleation of the high field domain, and the onset of charge accumulation takes place at the same position inside the active region irrespectively of the presence or absence of notch. In GaN, electrons have higher effective mass than in InP, and they move more slowly and suffer many scattering mechanisms inside the notch. So, for the n À n gradient of DS1, and even if the electric field is quite high in the notch, they do not gain enough energy so as to promote to the upper U-valleys. The highest efficiency, 1.47%, is achieved with a length of L ¼ 1500 nm but for a small FME of 143 GHz, while the length providing the highest FME of 568 GHz (in the third generation band) is L ¼ 900 nm, but the efficiency is very low, 0.09%. Finally, the diode with notch and L ¼ 1200 nm presents even a fourth generation band with a FME of 638 GHz but with very low efficiency of 0.04% (not included in this Figure, case that will be studied later).
Regarding the effect of the bias conditions on the frequency of the oscillations, Fig. 6 (c) presents the results for L ¼ 900 nm in InP and GaN diodes up to the second generation band. Let us start with the InP case, where V AC ¼ 1.5 V and V DC is swept from 3.5 V up to 12 V. The range of FMEs found is 100-320 GHz. Diodes without notch present only one generation band in the range of 206-243 GHz, while diodes with notch exhibit more than one in almost all the situations. The most relevant result is that the DC to AC conversion efficiencies achieved without notch are larger, exceeding 5%, than those obtained with notch. For diodes without notch, as a general feature, the higher the V DC value the lower the efficiency and the FME as a consequence of the higher electric field inside the structure (with the only exception of V DC ¼ 3.5 V, voltage at which the oscillations are near to disappear and the FME decreases). However, when the diode has a notch, it fixes the oscillation frequency, and the FME shows practically no dependence on V DC for the first generation band, while the efficiency decreases for higher V DC as in the previous case. Again for V DC ¼ 3.5 V, a different behaviour is found and only one generation band exists. The maximum efficiency for the first generation band is 2.22%, corresponding to a FME of 150 GHz and a bias V DC ¼ 6 V. For this bias, it is also observed that g in the second generation band takes the highest value, 0.57% at 288 GHz.
In the case of GaN, we consider V AC ¼ 10 V and V DC is swept from 25 V up to 70 V, values notably higher than in InP diodes. In this case, the range of FMEs achieved is much larger, between 100 and 500 GHz. Again the presence of the notch seems to be not effective as there is no significant difference between the results of structures with and without notch. This means that the domain is always created inside the active region (at similar distance from the anode) and not in the vicinity of the cathode. As a consequence in the two cases for the first generation band g and the FME decrease with the increase of V DC , with FME in the range of 200-243 GHz. For V DC < 35 V, the efficiency begins to decrease until the oscillation disappears completely as electrons do no reach enough energy to be in the negative differential mobility region. Even if the FMEs are the same, the diodes with notch provide higher efficiency in all cases except for V DC ¼ 70 V in the first generation band. It is expected that increasing the doping levels will improve the role played by the notch, what is studied in Sec. III C.
To conclude the study of the DS1, in Fig. 7 , we show the efficiency vs. frequency for GaN-based diodes with L ¼ 1200 nm (V DC ¼ 70 V and V AC ¼ 10 V). In this particular case, as mentioned above, a fourth generation band at 638 GHz appears in the notched diode. In the inset, instantaneous profiles of carrier concentration along the diode with notch are plotted for different frequencies of the AC excitation FME ¼ 175, 319, 475, and 638 GHz (FMEs of each generation band). As expected, an increasing number (from 1 to 4) of charge domains drifting along the active region is observed for increasing frequencies of the AC excitation. The generation bands and the associated FMEs are not equally separated as the nucleation of several domains reduces the so-called dead space.
C. Results for the DS2
In order to enhance the effect of the notch in the GaN diodes, here we consider a second doping scheme, denoted as DS2, where the doping of the n À and n regions is larger. The results are summarized in Fig. 8 . First, in Fig. 8(a) , where the I-V curves in diodes (with and without notch) with different lengths are plotted, two main differences with respect to the case of DS1 [ Fig. 4(b) ] can be observed: (i) diodes without notch present a more visible negative incremental resistance zone and (ii) when present, the notch limits the current in the diodes, as happened in the InP diodes with DS1. This indicates that with the doping values of DS2 the notch is more effective. To confirm this expectation, in Fig. 8(b) , we analyse again the dependence of the FME and maximum efficiency on the length. Now, there are noticeable differences between both types of diodes, with and without notch, being more prominent in the longer structures (L ¼ 1200 and 1500 nm). With DS2, although the ratio in the concentration between the n and n À regions is the same (n/n À ¼ 5), the gradient is higher, thus, increasing the electric field in the notch beyond the threshold value (E T ¼ 210 kV/cm), so that the presence of the notch is actually effective at fixing the point of formation of the domain. For the device with notch, up to a third generation band is visible, reaching 500 GHz with significant efficiency. Furthermore, for L ¼ 900 nm, even the sixth generation band has been identified (not presented in the graphic), with a FME of 675 GHz, and for L ¼ 750 nm the fifth one reaching 688 GHz. Fig. 8(c) shows the FME versus the DC bias V DC in the diode with L ¼ 900 nm (with and without notch) when V AC ¼ 10 V and V DC is swept from 25 V up to 70 V. Only one generation band is observed in the diode without notch, where the best g is obtained for 35 V. Indeed, higher DC to AC maximum conversion efficiencies and FMEs are obtained for decreasing bias down to 35 V. However, it is the structure with notch which provides, for a bias of 25 V, the highest FME (312 GHz) but with less efficiency. It is remarkable that FMEs close to 500 GHz in the third generation band can be achieved when V DC is 55 V with an efficiency of 0.23%.
Finally, to study the effect of the amplitude of the AC excitation, V AC , we calculate the values of g for a GaNbased diode with notch and L ¼ 900 nm for the DS2, Fig. 9 . Three values of V AC ¼ 6.5 V, 8.5 V, and 10 V have been considered, with V DC ¼ 70 V. When the V AC component is reduced, a lower g but at slightly higher FMEs is achieved for the first and second generation bands. The same behavior has been observed for the DS1 in InP and GaN diodes (results not presented in this paper). For higher generation bands, the FMEs do not vary significantly. On the other hand, self-heating effects can be substantial at the high power values managed in the diodes, and could deteriorate their performance. To check this extent, we have simulated the structure presented before when V DC ¼ 70 V and V AC ¼ 10 V, but at 500 K [ Fig. 9 ]. It can be observed that in comparison with the result at room temperature, the FMEs are smaller for the different bands and g is slightly lower. This effect obviously takes place because of the smaller drift velocity of electrons at higher temperature. Anyway, a fifth generation band where the FME is 625 GHz with an efficiency of 0.06%, and a fourth one with g ¼ 0.15% at 475 GHz, are still obtained. We hope that such excellent predictions for GaN diodes can be confirmed experimentally soon.
IV. CONCLUSIONS
By means of MC simulations, the equivalence between the operation of a diode connected in series with a resonant circuit and the direct application of a signal consisting in the superposition of a sinusoidal AC component to the DC bias has been proved in a particular example case, in which the feedback signal obtained from the RLC circuit was essentially sinusoidal. The latter technique has been used to analyze the performance of InP and GaN structures. GaN has high threshold and breakdown electric fields and thus requires higher bias (one order of magnitude higher than InP) for achieving negative differential mobility, what implies the possibility of generating higher AC power at the expense of an also higher DC consumption.
For InP diodes, we have proved that the presence of a notch localizes the nucleation of the charge accumulation domain near the cathode and not inside the active region as happens in the structures without notch. In these diodes, oscillating frequencies up to a few hundreds of GHz (<300 GHz) have been found with competitive efficiencies. For the same doping scheme (DS1), the notch is not effective in GaN diodes, because the electric field in the notch region is not large enough to promote electrons to the U valley. For this reason, a second doping scheme with higher values (DS2) has been studied. When the DS2 is considered, the notch is more effective and the domain is formed close to the cathode. The generation bands in GaN diodes take place at higher frequencies than in InP, corroborating the expectations to attain emission near the so-called terahertz gap. The best result achieved is a FME of about 600 GHz for diodes with L % 1 lm for the two doping schemes. The selection of a DC voltage biasing the diode just in the initial part of the negative differential mobility region leads to a higher DC to AC conversion efficiency. Also it is observed in the simulations that the value of g increases with the amplitude of the single-tone AC excitation. Self-heating effects lead to a reduction in the FMEs and the generation of less harmonics, but the device is still operative at the expected and promising values.
By using a single tone excitation, the intrinsic potentiality of GaN Gunn diodes for emission at different highfrequency bands has been shown. However, in order to actually extract the predicted AC power, an appropriate RLC circuit and tuneable band-pass filters should be designed to accomplish such ideal conditions. Mismatch, losses, heating effects, diode parasitic capacitances, etc., may additionally degrade the performance foreseen by MC simulations.
